Replication forks are impeded by DNA damage and protein-nucleic acid complexes such as transcribing RNA polymerase. For example, head-on collision of the replisome with RNA polymerase results in replication fork arrest. However, co-directional collision of the replisome with RNA polymerase has little or no effect on fork progression. Here we examine co-directional collisions between a replisome and RNA polymerase in vitro. We show that the Escherichia coli replisome uses the RNA transcript as a primer to continue leading-strand synthesis after the collision with RNA polymerase that is displaced from the DNA. This action results in a discontinuity in the leading strand, yet the replisome remains intact and bound to DNA during the entire process. These findings underscore the notable plasticity by which the replisome operates to circumvent obstacles in its path and may explain why the leading strand is synthesized discontinuously in vivo.
DNA damage and high affinity protein-nucleic acid complexes, such as transcribing RNA polymerase (RNAP), act as impediments to bacterial and eukaryotic replication forks [1] [2] [3] [4] [5] . Arrest of the replication machinery can lead to mutagenesis and cell death. Thus, several pathways have evolved to repair and restart various types of collapsed replication forks. Mechanisms that facilitate replication past sites of DNA damage, such as recombinational repair and translesion synthesis, have been widely studied 3, 4, [6] [7] [8] [9] . However, little is known about how the replisome proceeds through protein-nucleic acid blocks. In particular, replication forks often collide with transcription complexes that translocate in the same (co-directional) or opposite (head-on) direction as the replisome 1, 2, 5 . In bacteria, the rate of replication (,600 nucleotides s 21 ) is 12-30-fold greater than the rate of transcription (20-50 nucleotides s 21 ) and there is no temporal separation between the two processes 1,2,10,11 . Thus, both head-on and co-directional collisions between the replisome and RNAP are probably frequent. Here we investigate the mechanism by which the E. coli replisome passes a RNAP that is co-directional with replication fork movement.
Essential genes and most transcription units in bacteria are encoded by the leading strand, which suggests a natural selection for codirectional collisions in the cell 1, 5, [12] [13] [14] . It therefore seems probable that cell survival requires the resolution of co-directional collisions in a manner that does not block fork progression. Indeed, in vivo studies in bacteria and eukaryotes indicate that co-directional transcription complexes do not impede replisome progression 1, 2, [15] [16] [17] [18] [19] [20] . In contrast, head-on collisions predominately result in replication fork arrest and induce DNA recombination in bacteria and yeast 1, 2, [15] [16] [17] [18] [19] [20] [21] . In eukaryotes, replication fork barriers have evolved that prevent head-on collisions within highly expressed genes during S phase 1, 2 . Furthermore, a recent study indicates that human cells also favour co-directional movement of the replisome with RNAP 22 .
In a co-directional collision, the leading-strand DNA polymerase and RNAP use the same strand as a template (see Fig. 1a ). The replicative helicase, DnaB, unwinds the DNA ahead of the E. coli replication fork by translocating on the opposite (lagging) strand. Thus, the helicase may continue past the RNAP in which case a physical interaction between the two co-directional polymerases on collision is almost certain. A question remains as to how the replication fork then bypasses a co-directional RNAP without collapsing. Previous in vitro studies of the bacteriophage T4 replisome indicate that a codirectional transcription complex poses no obstacle to the progression of the T4 replication fork [23] [24] [25] . These studies indicated that RNAP remains bound to the DNA during passage of the T4 replisome.
In this report we determine a new mechanism by which the E. coli replisome bypasses a co-directional transcription complex in vitro.
We have used T7 RNAP as well as E. coli RNAP and found that the leading strand terminates after collision with RNAP, but in a notable transaction the replisome uses the messenger RNA as a primer to continue the leading strand. This process results in a discontinuity in the leading strand and therefore may explain why leading-strand synthesis is performed discontinuously in vivo 26, 27 .
Observation of co-directional collisions
The E. coli replicase-referred to as DNA polymerase III (Pol III) holoenzyme-is a multicomponent protein complex that performs rapid and highly processive replication of chromosomal DNA 28, 29 . A co-directional RNAP may block the leading strand, and the current report focuses on leading-strand synthesis by omitting primase. The proteins that perform leading-strand synthesis are illustrated in Fig. 1a and include the following components: Pol III; the b-clamp, which confers processivity to Pol III; the clamp-loader, which assembles clamps at primed sites; and the DnaB helicase, which unwinds duplex DNA ahead of the replication fork.
We first investigated the effect of a co-directional bacteriophage T7 transcription complex on the progression of the E. coli replication fork. We constructed a 2.2-kb linear forked DNA template that supports replication from one end and includes a co-directional T7 RNAP promoter 1 kb downstream from the replication fork ( Fig. 1b ). T7 RNAP serves as a model system for multisubunit RNAPs such as E. coli RNAP and the basic mechanisms of transcription are identical between these enzymes 30 .
During transcription initiation, RNAP binds to the promoter and unwinds DNA to form an open promoter complex. In Fig. 1c we addressed whether a co-directional T7 RNAP open promoter complex affects progression of the replication fork. The Pol III holoenzyme, DnaB and T7 RNAP were first pre-incubated with the 2.2-kb linear forked DNA in the presence of ATP, which results in the assembly of the replisome at the fork and a T7 RNAP open promoter complex. Leading-strand synthesis was initiated by the addition of a-32 P-labelled deoxyribonucleoside triphosphates (dNTPs), and DNA products were analysed by electrophoresis in denaturing alkaline agarose gels. The results show that replisome progression is unaffected by the open promoter complex, as indicated by the appearance of only the full-length product (2.2 kb; Fig. 1c ).
Once RNAP synthesizes a transcript ,10-12 nucleotides in length, it leaves the promoter and enters into a highly processive elongation complex [30] [31] [32] . Elongating RNAP often pauses or is arrested because of regulatory signals or lesions in the DNA 2, 33 . Halted elongation complexes increase the probability of replisome-RNAP collisions in the cell, especially in strains that lack factors which revive or displace a halted RNAP 34 . To examine whether a halted co-directional T7 RNAP affects fork progression we added ATP and GTP, enabling RNAP to synthesize a 22-nucleotide transcript (Fig. 1d ). If replisome advance is not blocked by a co-directional transcription complex, as indicated by in vivo studies, the full-length 2.2-kb product should still be observed. However, the result indicates that RNAP prevents the formation of a full-length leading-strand product and instead yields a 1-kb product-the distance to the halted RNAP ( Fig. 1d ). Notably we also observe a 1.2-kb product, which corresponds to the length of the DNA template downstream from the promoter. The formation of the 1-kb product suggests that leading-strand synthesis is terminated by the halted RNAP, but the 1.2-kb product suggests the unexpected possibility that the leading strand is reinitiated using the messenger RNA as a primer. This hypothesis predicts that the position of the RNAP along the template dictates the length of the two leadingstrand products. Indeed, moving the promoter to a different position changes the lengths of the upstream and downstream leading-strand products accordingly ( Supplementary Fig. 1 ).
Pol III uses an RNA transcript as a primer
To gain further evidence that Pol III uses the RNA transcript as a primer, we terminated the mRNA before initiating replication by adding 39-deoxy-cytidine-ribonucleoside-triphosphate (39dCTP), an RNA chain terminator that is incorporated by RNAP ( Fig. 2a ). The addition of 39dCTP prevented synthesis of the downstream portion of the leading strand (1.2-kb DNA), but did not affect synthesis of the initial 1-kb product (Fig. 2a , compare lanes 1 and 2). Similar results were obtained using a template that includes the promoter at a different position ( Supplementary Fig. 2 ). Next, we observed extension of the transcript by Pol III directly by labelling the RNA instead of the DNA (Fig. 2b ). In this case a-32 P-GTP and a-32 P-ATP were added, which are incorporated into the 22-nucleotide transcript by RNAP before replication (Fig. 2b , lane 1). Initiating replication results in extension of the transcript to 1.2 kb, corresponding to the length of the DNA downstream from the halted RNAP (Fig. 2b , lane 2). These results confirm that the mRNA is extended by Pol III.
Next we used a 2.2-kb linear duplex without a forked junction to determine whether the replication proteins could assemble at the transcription bubble of a halted RNAP and extend the RNA to form a 1.2-kb product (Fig. 2c ). However, no products were observed in the absence of a replication fork (Fig. 2c, lane 2) . Therefore, collision of the replisome with the RNAP is required for Pol III extension of the transcript. The result in lane 2 ( Fig. 2c ) also demonstrates that RNAP is unable to form the 1.2-kb downstream product by misincorporating dNTPs.
Fate of the replisome and RNA polymerase
Because the replisome must collide with the transcription complex to gain access to the RNA, it is probable that the collision results in displacement of RNAP from the DNA. To test this we immobilized a Histagged T7-RNAP-halted elongation complex to Ni 21 beads and addressed whether the DNA remains bound to the RNAP (pellet) or is released into solution (supernatant) after a co-directional collision (Fig. 3a) . The transcription complex was first immobilized, and then unbound DNA and RNAP were removed by washing followed by the initiation of replication. Upstream (1 kb) and downstream (1.2 kb) products were only observed in the supernatant, indicating that RNAP is displaced by the replisome (Fig. 3a, left) . Some full-length product was also observed, presumably owing to a fraction of transcription complexes that dissociated before replication. In the absence of replication, the DNA was analysed in a native agarose gel stained with ethidium bromide (Fig. 3a, right ). In this case most of the DNA remained bound to RNAP (pellet), whereas only a small fraction of the DNA was released into the supernatant. These data support the conclusion that the replisome displaces a co-directional RNAP from the DNA.
Studies in vivo indicate that replication forks are not impeded by collisions with co-directional transcription complexes, suggesting that the replisome remains intact during bypass of a co-directional RNAP 1, 2, 15, 16, 20 . An important factor that determines the integrity of the replication fork is whether the replicative helicase, DnaB, remains associated with the lagging strand (see Fig. 1a ). To determine whether DnaB dissociates from the replisome during bypass of a codirectional RNAP we assembled the replisome and a halted T7 ARTICLES RNAP on a biotinylated template in the presence of ATP and GTP, and then immobilized the DNA to streptavidin beads (Fig. 3b ). Excess unbound DnaB and Pol III holoenzyme were removed by washing. Replication was then initiated after the addition of dNTPs, the b-clamp and single-strand binding protein (SSB), and radiolabelled DNA products were analysed on an alkaline agarose gel.
The results show that both 1-and 1.2-kb products were formed, indicating that the replisome can bypass a co-directional RNAP without dissociating from DNA (Fig. 3b, lane 2) . In a control reaction RNAP was omitted, which resulted in only full-length product (Fig. 3b, lane 1) . A further control reaction demonstrates that replication proteins do not adhere to the beads after washing ( Supplementary Fig. 3 ). To ensure that DnaB is a necessary participant in these reactions, the experiment was repeated but the helicase was omitted (Fig. 3b, lane 3) . The absence of products in lane 3 indicates that DnaB is required for leading-strand synthesis, as expected. These results indicate that the only proteins required for replisome bypass of a co-directional RNAP are those that are present at the replication fork, and that the replisome bypasses RNAP without collapsing.
Replisome bypass of E. coli RNA polymerase Although T7 RNAP serves as an important model enzyme, the multisubunit E. coli RNAP could conceivably behave differently. Therefore, we examined the replisome for the ability to bypass a halted E. coli RNAP ( Fig. 4 ). We constructed a linear 3.5-kb DNA that includes the strong E.coli RNAP T7A1 promoter 1.1 kb downstream from the replication fork and a biotin at the downstream edge.
A halted E. coli RNAP elongation complex was first assembled by the addition of E. coli RNAP s 70 holoenzyme, ApU, GTP, CTP and ATP, which limits RNA synthesis to 20 nucleotides. The DNA was then immobilized to streptavidin beads and washed with high salt to remove non-specific RNAP-DNA complexes. The fork was ligated to the DNA followed by initiation of replication. Similar to experiments using a halted T7 RNAP, we observe replication products corresponding to the lengths of the template upstream (1.1 kb) and downstream (2.4 kb) from the promoter as well as some full-length product (Fig. 4, lane 2) . The percentage of full-length product (33%) corresponds relatively well to the number of promoters unoccupied by RNAP (24%; Supplementary Fig. 4 ). Omitting RNAP from the reaction resulted in only full-length product (Fig. 4, lane 1) . Finally, we observe Pol III extension of the 20-nucleotide E. coli RNAP transcript directly by labelling the RNA ( Supplementary Fig. 5 ). These data indicate that the replisome can bypass a halted co-directional E. coli RNAP by using the transcript as a primer to continue the leading strand as observed using the T7 RNAP. 
Discussion
Here we demonstrate that leading-strand synthesis is terminated after colliding with a co-directional RNAP, but can then be reinitiated by using the mRNA as a primer. A model of this mechanism is presented in Fig. 5 . We propose that RNAP is displaced from the DNA by the leading-strand polymerase, whereas DnaB remains bound to the lagging strand. The leading-strand polymerase hops over the mRNA by remaining bound to the clamp-loader which assembles a new clamp at the 39 terminus of the RNA-DNA hybrid. Pol III then binds to the newly assembled clamp and extends the transcript, leaving behind a nick or gap in the leading strand. The RNA can then be excised and replaced by DNA in a similar repair reaction as occurs during the maturation of Okazaki fragments. The scheme hypothesized in Fig. 5 has precedent in synthesis of the lagging strand in which Pol III rapidly hops from a clamp on a completed Okazaki fragment to a newly assembled clamp on a RNA-DNA hybrid every few seconds. Collision of the lagging strand polymerase with the 59 terminus of an Okazaki fragment triggers the release of Pol III from the clamp 35 . Thus, the hopping of the leading-strand polymerase proposed in Fig. 5 may be initiated by a similar collision mechanism. During lagging-strand synthesis RNA primers are made by primase. Here the RNA primers are provided by RNAP on the leading strand. Primase activity on the leading strand is probably low because it requires stimulation by DnaB on the lagging strand.
In vivo, replication forks presumably encounter co-directional RNAPs that have synthesized long transcripts. We are at present investigating the consequence of replisome collision with co-directional transcription complexes farther downstream from the promoter. Replisome takeover oflongtranscriptsinthecellmighttriggertranslationalregulatorymechanisms such as the trans-translation system, which removes stalled ribosomes from truncated mRNA and targets the mRNA for degradation 36 .
Synthesisofthe leadingstrandispredominatelyviewedasacontinuous process. This view is mostly on the basis of in vitro studies that lack impediments to the replication fork. In contrast, several in vivo studies demonstrate that the leading strand is synthesized in a discontinuous fashion even as far back as Okazaki's original work 26, 27, [37] [38] [39] [40] [41] [42] [43] [44] [45] . One source of leading-strand interruptions could be due to replication fork collapse, because restart mechanisms that reactivate the fork involve new primers andthus producesingle-strandgaps 4,46,47 .Hereweprovideanewexplanation for leading-strand interruptions in which a replication fork simply recruitsthe39terminusofthemRNAtocontinueleading-strandsynthesis after a collision with RNAP. These protein dynamics emphasize the remarkable plasticity of the moving replisome apparatus, and underscore a driving force during evolution that has enabled replication machines to efficiently deal with obstacles along the path of chromosome duplication. 
METHODS SUMMARY
DNA templates. Linear forked DNA was prepared in a similar fashion to a previous study 48 . For 2.2-kb DNA, pPK7 (ref. 31 ) was digested with BsaI followed by ligation in the presence of excess complementary forked DNA that was preannealed by mixing oligonucleotides RP25, RP26 and RP33 together, followed by boiling and slow cooling to room temperature. The 2.2-kb DNA without a fork was prepared by digesting pPK7 with BsaI. For the 10.5-kb DNA, pRSF2 was digested with SapI and then ligated in the presence of excess forked DNA (RP25, RP26 and RP10). For the 3.5-kb DNA, PCR was performed using pRP50 as a template and the primers RP64B and RP65. The PCR product was purified, digested with SapI and then ligated in the presence of excess forked DNA (RP25, RP26 and RP10). The ligation products were purified by gel filtration followed by phenol extraction and ethanol precipitation. Leading-strand synthesis. DnaB (44.8 pmol, as hexamer) was incubated with 1.5 nM final concentration of linear forked DNA in 15 ml of buffer A (20 mM Tris-HCl, pH 7.5), 8 mM MgCl 2 , 0.5 mM EDTA, 5 mM dithiothreitol, 10% glycerol) for 15 s at 23 uC. Then 488 fmol of Pol III* (Pol III holoenzyme minus b-clamp), 1.5 pmol of b-clamp, 2 mM ATP and 60 mM each of dGTP and dATP were added to a volume of 20 ml and incubated a further 5 min at 23 uC. Replication was initiated after adding 1 mg SSB and a-32 P-dTTP and a-32 P-dCTP (specific activity, 3,000-5,000 c.p.m. pmol 21 ) to a final volume of 25 ml. Reactions were terminated after 10 min on adding 5 ml of 120 mM EDTA and 3% SDS. All experiments (except where indicated) used Pol III* reconstituted from pure subunits and an e-mutant that abolishes 39-59 exonuclease activity 49 . Radiolabelled products were analysed in alkaline agarose gels.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Co-directional collision of the replisome with T7 RNAP. Leading-strand synthesis was performed as described in Methods Summary except for the following additions: 20 nM (or as specified) T7 RNAP was added along with Pol III* and b-clamp. Then, either 3 mM GTP or a mixture of 3 mM GTP and 1 mM UTP was added along with DnaB to assemble a T7 RNAP-halted elongation complex on the 2.2-kb and 10.5-kb templates, respectively. Assembly of the T7 RNAP open promoter complex required no additional NTPs. Twenty micromolar 39dCTP (TriLink) was added along with DnaB in the experiments shown in Fig. 2a and Supplementary Fig. 2. Supplementary Figs 1 and 2 included a 10 .5-kb forked DNA template instead of the 2.2-kb DNA substrate and a mixture of 3-mM GTP and 1-mM UTP was added along with DnaB.
In the experiment of Fig. 2b, 20 reactions were pooled, dNTPs were unlabelled, and a-32 P-GTP and a-32 P-ATP were added along with DnaB and Pol III*, respectively. Reactions were terminated by removing nucleotides through centrifugation over G-25 spin columns (Roche) followed by phenol extraction and ethanol precipitation with 10 mg of carrier DNA. Precipitated nucleic acid was resuspended in 10 ml of 20 mM Tris-HCl, pH 8.5, and then mixed with 10 ml of 90% (w/v) formamide and 50 mM EDTA. Samples were boiled and analysed on an 8% urea-polyacrylamide gel. Collision of the replisome with T7 RNAP immobilized to beads. A final concentration of 130 nM of His-tagged T7 RNAP was incubated with a final concentration of 10 nM of 2.2-kb linear forked DNA along with 300 mM GTP and 100 mM ATP in 25 ml of buffer A for 5 min at room temperature. Thirty microlitres of Ni 21 magnetic coated beads (Promega) was added for a further 5 min. Next, the beads were washed three times with 100 ml of buffer A. Leading-strand synthesis was then performed as described in Methods Summary except for the following modifications: 1 and 3 pmol of Pol III* and b-clamp were added, respectively. After the reaction was terminated, the supernatant (25 ml total volume) was removed for analysis. The beads were then washed twice with 100 ml of buffer A. The pellet fraction was removed from the beads by the addition of 0.5 M imidazole and 100 mM EDTA in a total volume of 25 ml for 5 min at room temperature. Equal volumes of supernatant and pellet fractions were analysed on an alkaline agarose gel. In the absence of leading-strand synthesis ( Fig. 3a, right) , the supernatant and pellet fractions were analysed on a native agarose gel stained with ethidium bromide. Collision of single replisome particles with T7 RNAP on immobilized DNA. Where indicated, 44.8 pmol DnaB was incubated with 5 nM final concentration of 2.2-kb linear forked DNA, which was biotinylated at the 59 terminus of the lagging strand, in 15 ml of buffer A for 15 s at 23 uC. T7 RNAP (20 mM) and GTP (3 mM) were added (where indicated) along with DnaB. Pol III* (841 fmol; including wild-type e) and b-clamp (5 pmol) were then added along with 2 mM ATP and 60 mM each of dGTP and dATP to a volume of 20 ml for a further 5 min. Reactions were mixed with 20 ml of streptavidin-coated magnetic beads (Invitrogen) pre-washed with buffer A for 10 min at 23 uC. Beads were washed three times with 100 ml of buffer A along with 60 mM each of dGTP and dATP, 2 mM ATP, 5 pmol of b-clamp and, where indicated, 20 nM T7 RNAP along with 3 mM GTP. Beads were resuspended in 20 ml of their respective wash buffers (with or without T7 RNAP and GTP) and replication was initiated as described in Methods Summary. Reactions were terminated after 20 min by the addition of 5 ml of 120 mM EDTA and 3% SDS. Beads were boiled and the supernatant was removed for gel analysis. Beads were then treated with proteinase K in 10 ml of 10 mM Tris-HCl, pH 7.5, 5 mM EDTA, 1% SDS for 30 min at 50 uC to remove residual DNA from the solid support. The supernatant was pooled and radiolabelled DNA was analysed on a 1.2% alkaline agarose gel. The experiment in Supplementary Fig. 2 was performed in a similar fashion, except that T7 RNAP and GTP were omitted and biotinylated DNA was either pre-incubated with DnaB or added along with SSB and dNTPs as indicated. Co-directional collision of the replisome with an E. coli RNAP elongation complex. A final concentration of 500 nM of E. coli RNAP s 70 holoenzyme was mixed with a final concentration of 5 nM of a 3.5-kb DNA in 100 ml of buffer A for 10 min at 37 uC. One-hundred micromolar ApU and 40 mM each of GTP and ATP were added for a further 10 min at 37 uC. Two-hundred microlitres of streptavidin magnetic coated beads (Invitrogen) was added for a further 10 min at room temperature. The beads were washed five times with 0.9 ml of buffer A containing 0.75 M NaCl, 200 mg ml 21 heparin, and 20 mg ml 21 singlestranded DNA. Next, the beads were washed twice with 0.9 ml of buffer A and then resuspended in 100 ml of New England Biolabs buffer 4, and 10 units of Sap I (New England Biolabs) was added for 10 min at 37 uC. The beads were washed three times with 0.9 ml of buffer A and then resuspended in 50 ml of Quick Ligation reaction buffer (New England Biolabs). Two microlitres of Quick T4 ligase (New England Biolabs) was added along with 6 nM final concentration of pre-annealed forked DNA (RP10, RP22 and RP25) for 10 min at room temperature. The beads were washed three times with 0.9 ml of buffer A. Next, leadingstrand synthesis was performed as described in Methods Summary except ten reactions were pooled. The beads were boiled after the reaction was terminated and the supernatant was purified using the Qiagen PCR Cleanup kit. Purified radiolabelled DNA products were analysed on an alkaline agarose gel. The percentage of full-length product was calculated using the equation: I FL ½I FL z(I B 3:18) {1 3 100, in which I FL denotes the intensity of full-length product, and I B represents the intensity of the replication block. The factor 3.18 corrects for the amount of full-length product that would have been formed relative to the intensity of the replication block (I B ) and was calculated by dividing the length of the full-length product (3.5 kb) by the length of the blocked product (1.1 kb) . The occupancy of promoters bound by E. coli RNAP in Supplementary Fig. 4 was determined by XhoI restriction digest of the immobilized 3.5 kb DNA in the absence of leading-strand synthesis either with or without the addition of E. coli RNAP. Pol III extension of a co-directional E. coli RNAP transcript. Leading-strand synthesis was performed as described in Methods Summary except for the following modifications: 30 reactions were pooled and performed at 37 uC. Forty micromolar each of ApU, GTP and CTP were added along with DnaB, which was incubated with DNA for 30 s rather than 15 s. A final concentration of 50 nM of E. coli RNAP s 70 holoenzyme was added 2 min after the addition of Pol III* and b-clamp. a-32 P-dNTPs were omitted and a-32 P-GTP and a-32 P-ATP were added along with DnaB and Pol III*, respectively. Reactions were terminated by removing nucleotides through centrifugation over G-25 spin columns (Roche) followed by phenol extraction and ethanol precipitation with 10 mg of carrier DNA and 30 mg of glycogen. Precipitated nucleic acid was resuspended in 5 ml of 20 mM Tris-HCl, pH 8.5, and then mixed with 5 ml of 90% (w/v) formamide and 50 mM EDTA. Samples were boiled and analysed on an 8% urea-polyacrylamide gel. Proteins. Replication proteins were expressed, purified and reconstituted as previously described 49 . T7 RNAP and E. coli RNAP core were gifts from W. T. McAllister and S. Darst, respectively. s 70 was expressed from pET21aEc(His)6PPXs 70 which was a gift from S. Darst. His-tagged s 70 was purified on a Ni 21 column and then concentrated on a Mono-Q column. DNA. pPK7 (ref. 31 ) was a gift from W. T. McAllister. pRP50 was derived from pRL706 (ref. 50) which includes the rpoB gene of E. coli. The T7A1 promoter sequence was inserted into the rpoB gene by ligation of pre-annealed oligonucleotides RP35 and RP36 to ClaI-digested pRL706 to form pRP50. pRSF2 was constructed by inserting a 6.6-kb synthetic gene into a pRSFDuet-1 vector digested with NdeI and BglII. Oligonucleotide sequences were RP10, 59-phosphate-AGCTGAGACCGCAATACGGATAAGGGCTGAGCACGTCCTGCGA-TCTGCAGCCTGCCAGAATCTGTG-39; RP25, 59-OH-CACAGATTCTGGC-AGGCTGCAGATCGC-39; RP22, 59-phosphatase-TTTTTTTTTTTTTTTTTT-TTTTTTTTTTTTTTTTTTTTAGCCCTTATCCGTATTGCGGTCTCA-39; RP26, 59-biotin-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTAGCCCTT-ATCCGTATTGCGGTCTCA-39; RP33, 59-phosphate-CGGTTGAGACCGC-AATACGGATAAGGGCTGAGCACGTCCTGCGATCTGCAGCCTGCCAGA-ATCTGTG-39; RP35, 59-OH-CGGACGTTGACTTAAAGTCTAACCTATAG-GATACTTACAGCCATCGAGAGGGACACGGCGAATTCTCGAG-39; RP36, 59-OH-CGCTCGAGAATTCGCCGTGTCCCTCTCGATGGCTGTAAGTATC-CTATAGGTTAGACTTTAAGTCAACGTC-39; RP64B, 59-biotin-AACCGGT-GGAACGCGCGTGC; RP65, 59-OH-TTTCATCTGCTCTTCCGCTTCCACC-GCCTTGGCGAACCGGTG-39. Equipment and settings. All gels with the exception of that in Supplementary  Fig. 2 , were analysed with a phosphorimager using a 200 pixel per inch resolution setting. Gel images were then converted to tiff format and adjusted for contrast using Adobe Photoshop software version 9. Image sections were then selected, copied and pasted into a Canvas version 9 file. Pasted selections were converted into images and cropped further using Canvas. The gel in Supplementary Fig. 2 was photographed while exposed to ultraviolet light. The digital image was cropped and adjusted for contrast using Adobe Photoshop version 9. The image was then selected, copied and pasted into a Canvas file. All other image art was produced using Canvas with the exception of Supplementary Fig. 2 , which includes a digital graph that was created using Excel.
